The effect of the addition of natural antioxidants on oxidative stability of ray (Rhinoptera bonasus) liver oil was evaluated. Different concentrations of rosemary extract, α-tocopherol, and caffeic acid (w/w) 
INTRODUCTION
Nowadays, a great interest for fish oil consumption has been raised due to its fatty acid composition, being the main source of ω-3 polyunsaturated fatty acids (PUFA´s), such as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). EPA and DHA recognized for its health benefits and pharmacological qualities (MOON & SHIBAMOTO, 2009) .
In Mexico, ray fishery represents an important activity with a production of 9,360 metric tonnes in 2013 (CONAPESCA, 2013) ; unfortunately, only its meat is commonly used, discarding the rest, such as its liver. It has been shown that ray liver constitutes a rich source of ω-3 fatty acids, with EPA + DHA contents similar to cod oil and other marine species (NAVARRO-GARCIA et al., 2010) . Thus, ray (Rhinoptera bonasus) liver oil could be used as an alternative source for ω-3 PUFA´s; however, due to the high degree of instauration of these oils, special care has to be taken in order to avoid lipid oxidation and rancidity, which can affect its shelf life (IGLESIAS & MEDINA, 2008) . In order to avoid this problem, antioxidants have been commonly used as an indispensable tool to improve the oil shelf life (BARTEE, Navarro-García et al. et al., 2007) . Synthetic antioxidants have been commonly used; however, their use has been restricted due to its possible toxic effects. Nowadays, efforts have been conducted to substitute their use for natural antioxidants such as phenolic compounds (DE LEONARDIS & MACCIOLA, 2003; SIRIWARDHANA et al., 2004; MORENO-ÁLVAREZ et al., 2007) . Although studies have used different natural antioxidants to prevent or retard the oil oxidation from different sources, no study has been conducted on the use of them in ray liver oil.
Hence, the objective of the present study was to study the effect of natural antioxidants on the oxidative stability of ray (Rhinoptera bonasus) liver oil, as well as assessing the possibility of using volatile compounds as a parameter for evaluate oxidative status.
MATERIALS AND METHODS

Sampling and oil extraction
Ray specimens of Rhinoptera bonasus were captured in the Gulf of México near Ceyba playa shore in Campeche, Mexico. Dissected livers were placed on polyethylene bags and frozen at -20°C for their transportation to the Aquaculture Nutrition Laboratory at the Department of Scientific and Technological Research of the University of Sonora (DICTUS). The oil was extracted by the procedure described by KANG et al. (1998) .
Chemical characterization of ray liver oil
The fatty acid profile was determined through gas chromatography (Ce 1i-07 AOCS, 2009), tocopherols were conducted through high-resolution liquid chromatography (Ce 8-89, AOCS, 2009 ) and peroxide value determined (Cd 8b-90 AOCS, 2009 ).
Evaluation of the ray liver oil stability
The stability of ray (Rhinoptera bonasus) liver oil with rosemary extract (RM), tocopherol (TOC), and caffeic acid (CA) was evaluated by two different oxidation accelerated tests using tert-butylhydroquinone (TBHQ) as control (0.02%). Antioxidants were obtained from Dresen Química, S.A. de C.V. México, except CA, which was obtained from Sigma (St. Louis, MO).
Heating oxidation accelerated test. The heating accelerated test was conducted according to (BHALE et al., 2007) with a slight modification. Briefly, antioxidant solutions were prepared (% w/w) as follows: 0.02, 1, 2.5, 5% for RM; 0.02, 0.3, 0.5, 0.8% for TOC; 0.02, 0.03, 0.06, 0.1% for CA. The concentration of TOC present in the oil was taken into account and was added the rest to reach the desired concentration. Oxidation degree was evaluated as follows:
EPA or DHA in oil (after heating)/EPA or DHA in oil (before heating)] × 100.
Schaal´s method
Solutions of 2.5% RM, 0.5% TOC, 0.06% CA, and 0.02 TBHQ were mixed with 26 g of oil. The vials were set on a stove at 60±2°C for 35 days, monitoring the oxidation process, in term of PV and volatile compounds produced, at 0, 7, 14, 21, 28, and 35 days.
Evaluation of volatile compounds
Volatile compounds were evaluated by the solid-phase microextraction technique/gas chromatography (SPME/GC) (RICHARDS et al., 2005) . The volatile were analyzed using a 15m×0.25mm i.d. CP-SIL 8 CB capillary column (Varian, Walnut Creek, CA, USA). Individual components were identified by comparing retention times with standards: 3-hexenal, hexanal, 2-hexenal, heptanal, 2,4-hexadienal, 2-heptenal, 1-octen-3-ol, 2-penthylfurane, 2,4-heptadienal, 2-octenal, octanal, nonanal, decanal, ethylvinylketone, 2-decenal, 2,4-decadienal, and 1-penten-3-ol (Supelco-Sigma, Aldrich Química, México). Calibration curves of each compound were used for the quantification.
Statistical analysis
Descriptive statistics (mean ± standard deviation) were calculated in triplicate. An analysis of variance was carried out in order to determine the mean differences in the oil stability due to the use of natural antioxidants. Significant differences among the means were tested using Tukey´s test (P<0.05). Besides, a liner regression analysis was conducted between the peroxide values and the volatile compounds concentration. A Statistical Package for the Social Sciences (SPSS17) for Windows was used.
RESULTS AND DISCUSSION
Fatty acid content
The fatty acid profile showed that unsaturated fatty acids constituted the major fraction (62.7%) in the oil, with EPA, C22:5 w-3, and DHA contents of 3.8±0.64, 6.0+0.30 and 19.8±1.44%, respectively. This value was higher than the one reported by NAVARRO-GARCIA et al. (2004) for Gymnura marmota and Dasyatis brevis with EPA + DHA content of 18 and 16%, respectively. MENDEZ et al. (1996) reported for cod liver oil, 16.1% of these PUFA´s, oil considered as an excellent source of ω-3 fatty acids. Therefore, Rhinoptera bonasus liver oil can be used as an alternative source for this type of PUFA´s.
Tocopherol content
In the R. bonasus liver oil it was only detected the isomer α-tocopherol (16.7mg 100 g -1 ). Result agrees with PARAZO et al. (1998) , who reported a high selectivity of α-isomers in fish liver oil. NAVARRO-GARCIA et al. (2004) reported α-tocopherol contents in different ray species from 1.6 to 64.9mg 100g -1 . Table 1 shows the effect of antioxidant concentration on the stability of EPA and DHA in R. bonasus liver oil. After heating the samples, TBHQ showed a good antioxidant protection for EPA and DHA. However, the best antioxidant protection observed for these PUFA´s was shown by 2.5% rosemary extract, showing 100% of retention for EPA and DHA. In a study by BHALE et al. (2007) , the use of 2.5% rosemary extract (as in the present study) presented the highest EPA and DHA retentions (60% for both fatty acids) in menhaden oil.
Evaluation of the oil stability by the heating oxidation accelerated test
Caffeic acid showed its best protection at a concentration of 0.06%, with 87% and 79% retention of EPA and DHA, respectively (Table 1) . This result agrees with DE LEONARDIS & MACCIOLA (2003) , who reported that the best oxidation stability for cod liver oil was reached at the same concentration (0.06% caffeic acid) as in the present study, indicating that this compound possess maximum antioxidant properties on highly unsaturated fish oil at that concentration.
With respect to the use of α-tocopherol as antioxidant, 0.5% was the concentration that showed the best EPA and DHA stability, both approximately with 85% PUFA´s retention ( Table 1) . HUANG & FRANKEL (1997) reported 0.01% of α-tocopherol as the optimum for antioxidant activity on corn oil. FRANKE, (1996) reported that α-tocopherol activity depends of the evaluated system. Thus, the R. bonasus oil system, being highly unsaturated, required more tocopherol concentration.
Curiously, the highest concentrations of each antioxidant showed destabilizing conditions, reducing their antioxidant effectiveness. This is Table 1 -Effect of antioxidant concentration on EPA and DHA retention in ray (Rhinoptera bonasus) liver oil treated by a heating oxidation accelerated test. Navarro-García et al.
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probably due to the complex compound composition, which can act as prooxidants.
Evaluation of oil stability by the Schaal´s accelerated test Peroxide value
Raw, fresh R. bonasus liver oil showed an initial peroxide value of 2.1±0.3mEq Kg -1 . HUSS (1988) established 7mEq Kg -1 as the maximum limit to accept fish oil. YIN & SATHIVEL (2010) , reported a value of 5.70mEqO 2 Kg -1 for menhaden oil, which is more than twice the value reported for the specie in this study. This result is probably due to the protector effect of the natural antioxidant (α-tocopherol) reported in the R. bonasus liver oil.
All antioxidants evaluated showed good antioxidant activity for up to 14 days (P>0.05), except the rosemary extract (2.5%), which reached (P≤0.05) 21 day (Figure 1 ). Equivalence between peroxide value (from Schaal´s test) and time at room temperature has been established (SIRIWARDHANA et al., 2004) , where 24h at 60°C corresponds to one month storage at room temperature. Thus, the shelf life of ray oil would be as follows: when using no antioxidant less than 14 months, TBHQ (0.02%), CA (0.06%), and TOC (0.5%) a bit more than 14 months, and finally, RM (2.5%) for more than 21 months.
Volatile compounds
From 16 volatile compounds evaluated only 9 (hexanal, 2-heptenal, 2-pentylfuran, octaldehyde, 2-octenal, decanal, 2-decenal, 2,4-decadienal, and 1-penten-3-ol) were detected in all treatments for the 35 days of the study, and the 6 main are shown in table 2. In most cases, volatiles production was inhibited by the use of antioxidants, especially for 1-penten-3-ol and 2-heptenal. Volatile compound detected in the highest concentration was 1-penten-3-ol (Table 2) , which value increased almost 35 times at day 28 (TBHQ, no antioxidant). KULAS et al. (2002) reported similar results in menhaden oil stored for 20 weeks and fish oil added with tocopherol, respectively. In contrast, use of antioxidants effectively inhibited the formation of this compound in the oil studied (Table 2 ). This compound is formed by the action of the 15-lipoxygenese on EPA (20:5 n-3) (IGLESIAS & MEDINA, 2008) . Volatile compounds such as 1-penten-3-ol, and 2,4-heptadienal have been identified in fish oil (HSIEH et al., 1989) and associated in the oxidation process, as contributors of off-flavors.
Correlation analysis between peroxide value and volatile compounds concentration showed a high correlation only for 2-decenal, 1-penten-3-ol, and 2-octenal (Table 3) . Thus, these compounds can be used as potential markers to evaluate the oxidation of the ray liver oil. -2 ) reported in Rhinoptera bonasus ray liver oil during the Schaal´s accelerated test (60°C). Navarro-García et al. 
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CONCLUSION
Addition of natural antioxidants (rosemary extract, tocopherol, and caffeic acid) to ray (Rhinoptera bonasus) liver oil significantly protected to eicosapentaenocic and docosahexaenoic acids from the oxidative deterioration at the conditions evaluated. The best results were in decreasing order: rosemary extract>tocopherol>caffeic acid. Volatile compound determination by SPME showed that measuring of 2-decenal, 1-penten-3-ol, and 2-octenal can be used as an alternative technique to monitor the oxidative process in this type of oil.
